ABSTRACT Experimental evidence suggests that proteins adsorbed to hydrophobic surfaces at low coverages are stabilized relative to the bulk. For larger coverages, proteins unfold and form b-sheets. We performed computer simulations on model proteins and found that: 1), For weakly adsorbing surfaces, unfolded conformations lose more entropy upon adsorption than folded ones. 2), The melting temperature, both in the bulk and at surfaces, decreases with increasing protein concentration because of favorable interprotein interactions. 3), Proteins in the bulk show large unfolding free energy barriers; this barrier decreases at stronger adsorbing surfaces. We conjecture that typical experimental temperatures appear to be below the bulk melting temperature for a single protein, but above the melting temperature for concentrated protein solutions. Purely thermodynamic factors then explain protein stabilization on adsorption at low concentrations. However, both thermodynamic and kinetic factors are important at higher concentrations. Thus, proteins in the bulk do not denature with increasing concentration due to large kinetic barriers, even though the aggregated state is thermodynamically preferred. However, they readily unfold upon adsorption, with the surface acting as a heterogeneous catalyst. The thermal behavior of proteins adsorbed to hydrophobic surfaces thus appears to follow behavior independent of their chemical specificity.
INTRODUCTION
The adsorption of proteins on hydrophobic surfaces is driven by the ''hydrophobic effect'' (1-3). Proteins adsorbed on hydrophobic surfaces show rich structural and thermodynamic behavior. Vermeer et al. (4) , Norde and Giacomelli (5), Zoungrana et al. (6) , and Mollmann et al. (7) have shown, via differential scanning calorimetry and circular dichroism studies, that at low adsorbed coverages (less than a monolayer), proteins are less susceptible to thermal denaturation. Presumably, unfolding occurs at higher temperatures, if at all. Most proteins do not lose intramolecular secondary structure upon adsorption to hydrophobic surfaces at low adsorbed concentrations (4) (5) (6) (8) (9) (10) (11) (12) ) (see Table 1 ). To our knowledge, no theoretical work has been performed to understand the thermal stability of adsorbed proteins under these conditions, and work has been restricted to structural studies. Experimental studies at large adsorbed concentrations (monolayer or more) have shown an opposite trend. These proteins were reported to lose intramolecular secondary structure and gain intermolecular bsheets and random coil content, implying that the proteins denature upon adsorption (9, (13) (14) (15) .
These experiments pose a variety of questions that we address theoretically here.
First, why is the folded structure of an isolated protein stabilized by a hydrophobic surface?
Second, why do increases in protein concentration change the nature of adsorbed conformations?
We have simulated both isolated model proteins and two protein molecules (as a mimic for concentration effects) near a hydrophobic surface. Our simulation results show that over a range of small to intermediate surface hydrophobicities, entropic effects dominate. Thus, it is easier to adsorb a folded conformation versus an unfolded conformation, and the melting temperature of the protein is shifted upward, as found in experiments. Clearly, thermal stability is coupled to enhanced structural stability of the folded state. Simulation results of two protein molecules show that they become destabilized as their concentration increases. However, because of the presence of large unfolding free energy barriers in the bulk, the proteins do not spontaneously unfold and denature. The presence of a hydrophobic surface brings down the unfolding free energy barriers, explaining why proteins, present in the folded state in the bulk, denature upon adsorption at high surface concentrations.
MATERIALS AND METHODS
We use the method of Dill (16) , i.e., hydrophobic (H)-polar (P) (two-letter) lattice-based implicit solvent modeling, for modeling our proteins. In the HP lattice model, a protein is represented as a cubic lattice chain of two types of beads: H and P. The surface is modeled as a two-dimensional impenetrable plane with a two-dimensional lattice commensurate with the three-dimensional lattice in which the protein resides. Because the model does not account for solvent molecules, we incorporate the hydrophobic interactions between two H moieties on a chain, and the interaction between an H monomer and a hydrophobic surface through the use of energetic interactions. The energy of interaction between any two nonbonded H beads, 3 H-H (r), is À1 (in arbitrary energy units) when the interbead distance, r ¼ 1 lattice unit, and is zero when r > 1. All other interactions (3 H-P (r), 3 P-P (r), 3 H-solvent (r), 3 P-solvent (r), and 3 solvent-solvent (r)) are set to zero for all r. We characterize the ratio of the energy of a surface-H interaction to the energy of a pair of H contacts by l s . (l s ¼ 1 implies that the surface hydrophobicity matches that of intrachain H-H contacts.) Hence, the energy of interaction between an H bead of the protein and the surface is equal to l s 3 H-s , where 3 H-s (r) is À1 when r ¼ 1, and zero otherwise.
Here we note that lattice protein models lose the atomistic details of the side chains and the protein backbone, which may influence the free energy landscape of a protein. For example, the rotational degrees of freedom of the side chains may be a significant contributor to the overall entropy of the protein conformation (17) . Lattice protein models also lose details of the different interactions between protein residues, such as Coulomb interactions, salt bridges, disulphide bonds, etc. Although the relative influence of these factors on protein stability is still poorly understood (18, 19) , lattice protein models capture the basic physics of the hydrophobic-effect-dominated protein folding (16, (20) (21) (22) (23) (24) . The simplicity of these models allows us to perform detailed calculations of the free energy landscape, which is not possible for the more complex models.
We studied a 64-mer four-helix bundle and a 42-mer protein, designed by Yue and Dill (20) . Both these protein sequences undergo a thermal folding transition like real proteins (21) . In addition to an isolated protein, we studied the adsorption of a two-protein system to understand the role of interprotein interactions. Whereas a proper study would involve a finite number (hopefully large) of proteins near surfaces, detailed simulations of 10 64-mer lattice protein molecules showed that the simulations can get kinetically trapped in different metastable states. Therefore, we were never sure if the simulations realized the equilibrium states of these systems. (It is hard to perform a proper free-energy analysis, or alternatively a density of states calculation, for such a large number of molecules.) The two-protein case is not hindered by these constraints, and is thus a good compromise model for understanding the role of interprotein interactions.
In the simulation box, the hydrophobic surface is placed at z ¼ 0 and an athermal surface is placed at z ¼ z max with periodic boundary conditions in lateral directions. The value z max is taken equal to the protein chain length, which is much larger than the mean-squared radius of gyration of the protein at the simulated temperatures. The simulation box size is 64 Â 64 lattice units in the x and y directions for the single-protein case and 16 Â 16 lattice units for the two-protein case. The smaller lateral dimensions were chosen to study the effect of concentration, but still they were larger than the largest average radius of gyration (~4.5) at the studied temperatures, implying only minimal interaction between the protein and its periodic image. To ensure that there are no confinement effects, we compared the simulations of proteins in the bulk (that is, no surface) with those done at l s ¼ 0. Both the simulations gave same results (same melting temperature, specific heat curve, etc.). We conjecture that, because the proteins do not adsorb to the surface for l s ¼ 0, and because the periodic box size is much bigger than the radius of gyration of the chains, the surface plays no role in this limit.
The energy of the multiprotein system is given by
Equation 1 is the sum of the internal energy, the protein-surface interaction energy, and the interprotein interaction energy. The expression 3 ij (r ij ) represents the interaction energy between beads i and j, where i and j can be either H or P. The value l mut is a restraining potential to ensure efficient sampling of the conformational space for a better estimate of the density of states (DOS). Once a good sampling of the conformational space is achieved, the bias introduced by l mut is removed by using the weighted histogram analysis method (25) (26) (27) . Multiple canonical ensemble Monte Carlo (MC) (28) simulations at different T*(¼ k B T/j3 H-H (1)j) and l s , for the single protein molecule, and at different temperatures T*, l s , and l mut for the two protein molecules, were performed. The attempted MC moves consisted of local moves such as end-bond flip, internal bond flip, and crankshaft moves (29) as well as configurationally biased Monte Carlo moves (30) . The simulation data was combined by using the weighted histogram analysis method to get the DOS. For the single protein case,~420 different MC simulations were performed to get the DOS as a two-dimensional function of intraprotein and protein-surface interactions. For the two-protein case,~4600 different MC simulations were performed to get the DOS as a three-dimensional function of intraprotein, interprotein, and protein-surface interactions.
Transition path sampling (31) was attempted, but huge and multiple kinetic barriers were observed. Because of this, we were unable to generate transition paths between the folded and the unfolded conformations at relevant temperatures. An important point here is that there is no unique descriptor(s) for describing the order parameters relevant to the unfolding or folding of these model proteins. We thus use two descriptors (the number of intrachain hydrophobic contacts, also termed as the internal energy states, E intra and the fraction of native hydrophobic intrachain contacts, N native ) to describe intraprotein interactions to ensure ourselves that the results obtained for the relevant activated state derived by our analysis is not an artifact of our (arbitrarily) chosen order parameter variable. Because the free energy landscape of the two-protein case is a three-dimensional function of intraprotein, interprotein, and protein-surface interactions, there can be multiple pathways between different points on the free energy landscape. Therefore, to estimate the unfolding free energy barrier on this free energy landscape, we assumed that in one kinetic step, a protein molecule can only hop from one energy state to another, which is not very different from the initial energy state with respect to the number and kind of interactions. The probability of a hop from one energy state to the other is proportional to the ratio of Boltzmann weights of the two energy states. That is, the probability to go from a state A to a state B is proportional to e ÀDG AB =k B T ;
where DG AB ¼ G B -G A . G x is the free energy of the state x. Using this approach, many (~200) MC walks in the free-energy landscape, from the folded-adsorbed ensemble to the most stable unfolded ensemble, were generated. The unfolding free energy barrier for each walk was taken as the difference between the largest value of the free energy encountered in TABLE 1 Thermodynamic properties, thermal stability, and changes in the secondary structure upon adsorption to Teflon particles of different proteins as reported in the literature Fractional surface coverages were calculated by assuming adsorbed proteins' dimensions equal to that of the native state with ''flat-on'' orientation.
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the walk with that of the folded-adsorbed state. An MC walk in the free energy landscape is computationally faster than a walk in the conformational space. Here, we have assumed that energetically close states are structurally close also, and hence kinetically accessible to each other, but this may not be true. Conformations, when identified by only three order parameters, can be structurally quite different from one other.
RESULTS

Single protein
A single 64-mer protein in bulk solution has a melting temperature, T m of T* ¼ 0.28 (21) in reduced units (see Methods). T m is the temperature when the free energy of the folded protein is equal to that of the unfolded protein. Fig. 1 shows that the T m of the 64-mer single protein first increases monotonically with l s , reaches a maximum in the vicinity of l s~0 .3-0.4, and then monotonically decreases. For l s > 0.45, the T m of the protein becomes smaller than that in the bulk, and therefore, the surface becomes a destabilizing one. Also shown in Fig. 1 is the T m of a 42-mer single protein (20) as function of l s , which shows the same trend as the 64-mer. To prove that the proteins are indeed adsorbed in the region of interest (l s~0 .2-0.5), we have shown in Fig. S2 in the Supporting Material that the adsorption transition temperature is higher than the bulk melting temperature.
Comparison with experiments suggests that:
1. We have a good agreement with the apparently universal conclusion that chains in dilute concentration on hydrophobic surfaces are stabilized relative to the solution state. 2. The experimental systems correspond to relatively modest l s values.
Below, we explore the origins of 1 above. To isolate the importance of energetic and entropic effects, in Fig. 2 Two proteins Fig. 1 shows that for the two protein molecules, the T m in the bulk is 0.18, which is significantly lower than that of the single protein molecule. This implies that the protein becomes less stable with an increase in concentration.
When a protein molecule unfolds, it loses internal energy but gains conformational entropy. At T m , the loss in internal energy is exactly balanced by the gain in conformational entropy. However, in the presence of a second protein molecule, the unfolded conformations are also stabilized by interprotein interactions. This leads to a net decrease in the T m . This conclusion is consistent with the previous findings of Gupta et al. (35) , who had deduced that aggregation competes with protein folding with increased concentration. However, these previous workers only performed canonical ensemble simulations and hence could not decide which of these states represent equilibrium. Similar to the single protein case, the two protein molecules are also stabilized upon adsorption on small-to-intermediately hydrophobic surfaces (see Fig. 1 ) because of the reasons discussed above. Thus, at each concentration, adsorption stabilizes the folded state, while the unfolded state only dominates for strongly adsorbing surfaces.
Folding/unfolding barriers
Our simulation results show that protein stability is highly dependent on solution concentration. According to Fig. 1 , three scenarios exist:
First scenario. The experimental temperature, T exp , is less than the melting temperature of both the concentrated protein solution, T conc and that of the dilute protein solution, T dil . In such a case, the proteins will be folded in both the bulk and the adsorbed states. Second scenario. When T exp > T dil > T conc , the proteins will be unfolded in both the bulk and the adsorbed states. Third scenario. This case, in which T dil > T exp > T conc , is particularly interesting, and is the one that we think is relevant to most experiments.
In the case of the third scenario, it would mean that in concentrated solutions, such as, in a cellular environment, the global minimum of the free energy may be the unfolded-aggregated state. However, it is empirically well recognized that proteins do not readily denature under such conditions. Because the thermodynamics of this situation favor the unfolded-aggregated state, probably the kinetic factors override them and prevent the unfolding process from occurring. To understand the kinetics of unfolding, we estimated the unfolding free energy barriers of the single and the two-protein system. One way to estimate the free energy barriers is to do a transition path sampling (31) between the two conformational ensembles of interest. However, our attempts to generate transition paths between the folded and the unfolded ensemble failed because of huge and multiple kinetic barriers at temperatures of interest (T* < T m ). Therefore, to estimate the unfolding free energy barriers, we did a stochastic walk in the multidimensional free energy landscape.
For the single-protein case, the free energy landscape was generated as a function of two sets of order parameters: (N native , N s ) and (E intra , N s ), where N native is the fraction of native contacts in a conformation, N s is the number of H groups of the protein in contact with the surface, and E intra is the internal energy of the protein molecule. For the two-protein case, the free energy landscape was generated as a three-dimensional function of (N native, N s , E inter ) and (E intra , N s , E inter ), where E inter is the interprotein interaction energy. The method of estimating the unfolding free energy barriers has been described in Materials and Methods in more detail. Fig. 3 shows the unfolding free energy barriers at T* ¼ 0.2. For the single-protein case, for l s < 0.3, the free energy landscape is approximately a smooth funnel (see Fig. S1 a) and hence unfolding free energy barriers were not estimated for this range. The unfolding free energy barrier is~22 k B T at l s ¼ 0.32, and decreases monotonically as the l s increases. For the twoprotein case, an ensemble of unfolded states is always a local minimum in the free energy landscape irrespective of the value of l s (see Fig. S1 b) .
For the two-protein case, for l s < 0.3, the unfolding free energy barriers are independent of the l s value. For the (N native, N s , E inter ) set of order parameters, the unfolding free energy barriers for l s < 0.3 are~29 k B T, whereas for (E intra , N s , E inter ), they are~26 k B T. For l s > 0.3, the unfolding free energy barriers decrease as the l s increases. The observed decrease in the unfolding free energy barrier is reasonable because as the surface becomes more hydrophobic, it can stabilize the transition states better, which have more exposed hydrophobic groups. In this respect, the hydrophobic surface acts like a heterogeneous catalyst. It stabilizes the transition state, thereby increasing the rate of unfolding. The unfolding free energy barriers determined using (N native, N s , E inter ) follow the trends determined using (E intra , N s , E inter ) with a small offset (3 k B T). This offset is not surprising when the relationship between N native and E intra is analyzed carefully (see Fig. S7 ). The unfolding free energy barriers for the two-protein case are larger than for the singleprotein case because the two protein molecules can associate in the folded state and further stabilize themselves. An important conclusion is that although increasing protein concentration shows a decrease in the stability of proteins in the bulk, because of the large unfolding free energy barriers, the unfolding and aggregation of the protein molecules are kinetically hindered. However, presence of a hydrophobic surface decreases the unfolding free energy barrier. This explains the experimental results of proteins adsorbing at large concentrations. Proteins, in the folded state in the bulk, denature upon adsorption for two reasons:
First, near the surface, there is an increased local concentration of the protein molecules, and hence the folded state becomes less stable.
Second, the presence of the hydrophobic surface brings down the unfolding free energy barrier, thereby promoting protein denaturation and aggregation.
Inasmuch as this is an equilibrium study, we do not directly get any information about the pathway of protein adsorption. However, from the results of the unfolding free energy barriers, we can comment on the probable pathway for the observed conformational changes that occur. Fig. 3 shows that there are large unfolding free energy barriers in the bulk. The magnitude of the barriers decreases in the adsorbed state. Therefore, we speculate that the protein molecules would first adsorb onto the surface in the folded state and then unfold on the surface. This statement is given credibility by the fact that the proteins do not unfold and aggregate in the solution. The surface therefore acts as a catalyst to unfolding. The kinetics of protein unfolding is likely to be influenced by the presence of water molecules, whereas our analysis accounts for the effect of water only implicitly. Therefore, a study involving explicit For the single-protein case, the free energy landscape is a function of (N native , N s ) and for the two-protein case, the free energy landscape is a three-dimensional function of (N native , N s , E inter ) and (E intra , N s , E inter ). Error bars are the standard deviation in the estimate of the free energy barriers from 200 MC paths.
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water molecules may show different magnitude of freeenergy barriers. However, a surface-stabilized transition state looks intuitively probable in such a case also, and hence a similar trend in the variation of free energy barriers with respect to surface hydrophobicity is speculated.
Regimes of adsorbed proteins
In the above set of results, we only focused on the stability of the folded state of the proteins. In this section, we probe the conformational states of the proteins near surfaces of varying hydrophobicities. Fig. 4 shows the average internal energy, hE intra i and the average number of protein-surface interactions, hN s i for the single protein as a function of l s at T* ¼ 0.2. The protein remains in the folded-adsorbed state for 0.08 < l s < 0.45, beyond which it exists in the unfolded-adsorbed state. In the unfolded-adsorbed state, the single protein molecule undergoes a weak-to-strong adsorption transition at l s~0 .66, as indicated by a jump in the hN s i. The free energy of adsorbing a folded state, DG This implies that the proteins exist in the aggregated-desorbed state in the bulk for weakly hydrophobic surfaces (l s < 0.14), and folded-adsorbed state for intermediately hydrophobic surfaces (0.14 < l s < 0.42). Beyond l s0
.42, the proteins adsorb in the unfolded state. The difference in the free energy between the adsorbed and the desorbed states, DG ads-des , is a monotonically decreasing function of l s . To examine the conformational states of the unfolded-adsorbed proteins, we studied the behavior of different thermodynamic properties as a function of l s . In the unfolded-adsorbed state, the proteins can exist in highly aggregated-adsorbed and weakly aggregated-strongly adsorbed regimes. Fig. 6 pictorially shows different regimes of the proteins as a function of l s at T* ¼ 0.2. The existence of these regimes is shown with the help of Fig. 7 , in which the average internal energy of the proteins, hE intra i and the average interprotein interaction energy, hE inter i have been plotted as a function of l s . Other thermodynamic properties such as the average number of H-surface contacts, hN s i, and the conformational entropy, S, as a function of l s , have been shown in Fig. S3 . Fig. S4 shows typical conformations of the two protein molecules in different regimes. Below we discuss the observations from Fig. 7 in detail.
Aggregated-desorbed regime
For l s < 0.12, the proteins exist in the aggregated-desorbed state. In this state, there is a significant degree of interprotein association (hE inter i~À27).
Folded-adsorbed regime
At l s~0 .14, there is a clear transition from the unfoldedaggregated state to the folded (hE intra i~À112), adsorbed (hN s i~12), and dimeric (hE inter i~À6) state (T m of the proteins goes above 0.2 ( Fig. 1)) . Folding of the protein molecules is accompanied by a sharp drop in S. The decrease in DG ads-des is therefore energetically driven, which overrides the unfavorable decrease in S.
Strongly aggregated-adsorbed regime
For l s > 0.42, the T m falls below 0.2 ( Fig. 1) , and the proteins unfold in the adsorbed state. For l s~0 .42 to 0.58, hE intra i increases because of protein unfolding. A sharp drop in hE inter i is observed, implying that the two protein molecules are now strongly aggregated. Therefore, as l s goes from 0.42 to 0.58, there is a continuous transition from the folded-adsorbed regime to the highly aggregatedadsorbed regime, with a loss in intraprotein interaction in lieu of interprotein interactions. A large gain in S is observed, which overcomes the unfavorable increase in the total energy of the system.
Weakly aggregated-adsorbed regime
At l s~0 .58, there is clearly another transition in the adsorbed state of the proteins. There is an increase in hN s i to~60, which means that the protein molecules are now strongly adsorbed on the surface. This occurs at the expense of interprotein interactions, which is reflected in an increase in hE inter i. Therefore, at these values of l s , the proteins are in a strongly adsorbed and weakly aggregated state. A decrease in hE intra i is observed, implying that the protein forms an added number of intraprotein contacts. There is a decrease in S as a consequence of strong adsorption.
DISCUSSION
Relationship to previous works
First, we ask if the entopic stabilization of the folded state on weakly adsorbing surfaces might be understood in the context of existing theories. In particular, we point to the pioneering work of Zhou and Dill (36) , who suggested that the confinement of proteins in ''cages'' served to stabilize the folded state. This profound conclusion follows from the fact that on confinement there is a loss of entropy of unfolded proteins, while the folded conformation is essentially unaffected. Experimental evidence does support their idea (37, 38) . At first sight it would appear that adsorption of proteins is a situation where the enthalpy of adsorption has to overcome large entropy effects. However, this argument is only partially correct. In the weak adsorption limit, a protein needs to only gain a k B T in interaction strength to overcome its translational entropy to adsorb. Thus, a chain can adsorb without substantial changes to its bulk conformation, suggesting that the purely conformational entropy ideas of Zhou and Dill apply well in the context of the adsorption of proteins. Our newer results on the effects of protein concentration on the thermodynamics and kinetics of unfolding, however, do not seem to be considered in previous works.
Do experiments support the theoretical results?
Our theoretical calculations suggest that at low concentrations, hydrophobic surfaces stabilize the folded conformation, while the chains unfold at higher concentrations and then refold into b-sheets or remain as random coils. (Regardless, at higher concentration there is a decrease in a-helix content on adsorption.) Table 1 , which corresponds to experimental results where there is essentially no change in structure, are indeed in the regime where the amount adsorbed is low, with fractional surface coverages typically <0.4. (The only exception to this rule is cutinase; at the time of this writing, we do not understand why this molecule behaves differently.) In contrast, Table 2 , which contains experimental data for Lysozyme on a variety of surfaces (15) , indeed shows a progressive decrease in a-helix content for fractional coverage >0.6. Upon adsorption on Teflon at low fractional coverages (<0.1) hydrophobin SC3 attains an a-helical conformation, whereas it attains an intermolecular b-sheet rich conformation when interprotein interactions are promoted (10, 11) . Experimental evidence also suggests that a decrease in interprotein Fractional surface coverages were calculated by assuming adsorbed proteins' dimensions equal to that of the native state with ''flat-on'' orientation.
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interactions between adsorbed proteins achieved either by adsorbing them on curved nanoscale surfaces (39) or on patchy surfaces with adsorbing and nonadsorbing regions (40) indeed increase the stability of the adsorbed proteins. These data unequivocally support our primary conclusions for the importance of surface coverage in determining the stability of proteins adsorbed on hydrophobic surfaces.
Generality of theoretical results
The foldable 42-mer, single-protein molecule (20) also showed an increase in thermal stability upon adsorption on intermediately hydrophobic surfaces (Fig. 1) . Simulations of adsorption of two 42-mer lattice protein molecules on a hydrophobic surface show similar regimes to that of the 64-mer protein (see Fig. S5 ). This proves the generality of our results.
Is there an optimal order parameter?
It is important to realize that no matter what order parameter is used, they always average out the extremely large dimensional conformational space to a lower dimensional space, which leads to loss of some information. Which order parameter best represents a particular system is still an open question. A comparison of the two order parameters used by us-the fraction of native contacts, N native and the total internal energy, E intra -shows that N native is a better order parameter than E intra (see Fig. S7 ).
CONCLUSIONS
Intermediately hydrophobic surfaces can thermally stabilize the folded state of the adsorbed protein. This happens because the unfolded state of the protein experiences significant loss of entropy upon adsorption, and hence the protein prefers to remain in the folded state. The gain in secondary structure in proteins upon adsorption may also be due to preference of the protein chain to remain folded near the hydrophobic surface. Highly hydrophobic surfaces, however, perturb the secondary structure of the proteins. Interprotein interactions can significantly reduce stability of the proteins, although large unfolding free energy barriers in the bulk probably prevent spontaneous protein aggregation. Hydrophobic surfaces lower the unfolding free energy barriers. This explains why proteins can denature on adsorption at large concentrations. Depending on the value of surface hydrophobicity, the proteins can exist in different regimes-namely, the aggregated-desorbed, folded-adsorbed, highly aggregated-adsorbed, and weakly aggregated-strongly adsorbed regimes. All of these results appear to be in good qualitative agreement with experiments, suggesting that we have a good understanding of a broad range of experimental data, which has remained little understood to this time.
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